We have isolated a human homolog of Xenopus Eg5, a kinesin-related motor protein implicated in the assembly and dynamics of the mitotic spindle. We report that microinjection of antibodies against human Eg5 (HsEg5) blocks centrosome migration and causes HeLa Cells to arrest in mitosis with monoastral microtubule arrays. Furthermore, an evolutionarily conserved cdc2 phosphorylation site (Thr-927) in HsEg5 is phosphorylated specifically during mitosis in HeLa cells and by ~34~~"'/ cyclin B in vitro. Mutation of Thr-927 to nonphosphorylatable residues prevents HsEg5 from binding to centrosomes, indicating that phosphorylation controls the association of this motor with the spindle apparatus. These results indicate that HsEg5 is required for establishing a bipolar spindle and that ~34~~~~ protein kinase directly regulates its localization.
Introduction
During mitosis, a microtubule-based spindle apparatus functions to distribute duplicated chromosomes equally to daughter cells. The forces required for spindle assembly and chromosome segregation are generated by the dynamic instability of microtubules (Inoue, 1981; Kirschner and Mitchison, 1986) and by the action of dynein-and kinesin-related motor proteins (McIntosh and Pfarr, 1991; Sawin and Scholey, 1991; Goldstein, 1993a; Saunders, 1993; Hoyt, 1994; Ault and Rieder, 1994) . These microtubule-associated motors hydrolyze ATP to move toward either the plus or minus ends of microtubules (McIntosh and Hering, 1991; Goldstein, 1993b ; Holzbaur and Vallee, ' The first two authors contributed equally to this work. 1994). They may also function as coupling factors between dynamic microtubules and chromosome kinetochores (Lombilloet al., 1995a (Lombilloet al., , 1995b Desai and Mitchison, 1995) or centrosomes (Sawin et al., 1992 ). The precise mode and site of action of each motor protein remains to be unraveled, but there is unambiguous evidence that both cytoplasmic dynein and several kinesin-related proteins (KRPs) play essential roles in spindle assembly and function. This conclusion is supported by genetic studies (reviewed by Endow and Titus, 1992; Goldstein, 199313; Hoyt, 1994 ; see also Afshar et al., 1995; Murphy and Karpen, 1995) as well as by antibody-mediated inhibition of motor function in vivo (Nislow et al., 1990; Rodionov et al., 1993; Vaisberg et al., 1993) and in vitro (Sawin et al., 1992; Lombillo et al., 1995a; Vernos et al., 1995) .
The Eg5 protein was initially identified in Xenopus laevis (LeGuellec et al., 1991) and shown to be a plus enddirected KRP associated with the mitotic spindle (Sawin et al., 1992; Houliston et al., 1994) . According to its N-terminal motor domain sequence, vertebrate Eg5 belongs to the bimC subfamily of KRPs (LeGuellec et al., 1991) which also includes bimC from Aspergillus nidulans (Enos and Morris, 1990) , cut7 from Schizosaccharomyces pombe (Hagan and Yanagida, 1990, 1992) , and KLPGIF from Drosophila (Heck et al., 1993) . These proteins share a substantial degree of sequence similarity (500/o-65%) not only over their motor domains, but also over a short C-terminal tail region. Two motors from Saccharomyces cerevisiae, Kipl p and Cin8p are also related to bimC, although sequence conservation is limited to the motor domains (Hoytet al., 1992; Roof et al., 1992) . Geneticstudies strongly suggest that bimC family members may carry out similar functions. Mutations in the bimC and cut7 genes cause failure in spindle pole body separation in A. nidulans (Enos and Morris, 1990 ) and S. pombe (Hagan and Yanagida, 1990 ) respectively, and disruption of KLP61 F results in the formation of monopolar spindles in Drosophila larvae (Heck et al., 1993) . Similarly, Cin8p and Kiplp carry out overlapping functions during bipolar spindle assembly in S. cerevisiae (Hoyt et al., 1992; Roof et al., 1992) . In line with these results, Xenopus Eg5 (XIEg5) is required for spindle formation and stability in Xenopus egg extracts in vitro (Sawin et al., 1992) .
Many of the cellular reorganizations occurring at the onset of mitosis are triggered, either directly or indirectly, by the activation of the ~34'"~ protein kinase (Nurse, 1990; Norbury and Nurse, 1992; Nigg, 1995) . This kinase functions in complexes with cyclins of the A and B subfamilies (Hunt, 1991) . However, although the mechanisms leading to the activation of ~34"~"~ are comparatively well understood (Morgan, 1995) , identification of its in vivo substrates continues to represent a major challenge (Nigg, 1993) . In vitro studies strongly suggest that ~34"""~ contributes to control the nucleation of microtubules at centrosomes and their dynamics and, hence, the formation of a mitotic sprndle (Verde et al.. 1990 (Verde et al.. , 1992 Karsenti, 1991) . However.
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A second Xenopus Eg5 protein, 93% identical to the one shown here, has also been identified (data not shown; Houliston et al., 1994) . Identities are indicated by dashes, and conservative substitutions (T/S, WR, E/D, Y/F, L/V/l/A/M) are shown by dots. Vertical bars mark the boundaries of head, stalk, and tail domains, and the asterisk indicates Thr-927. We note that the H&g5 gene has been mapped to chromosome lOq24 (Tihy et al., 1992 no information has yet been obtained on either the identity of the in vivo targets of ~34~" involved in spindle morphogenesis or the functional consequences of their phosphorylation. The present study was aimed at elucidating the in vivo function and regulation of HsEg5, a putative human homolog of the XIEg5 mitotic motor. By microinjection of highly specific anti-HsEg5 antibodies, we demonstrate that HsEg5 function is required for the efficient separation of centrosomes and the assembly of bipolar spindles in HeLa cells. Furthermore, we show that HsEg5 is phosphorylated in a cell cycle-dependent manner. It is phosphorylated exclusively on serine during S phase, but on both serine and threonine during mitosis. The mitosis-specific phosphorylation site was mapped to Thr-927. This residue is located within a cdc2 consensus motif in the C-terminal tail domain of HsEg5 and is readily phosphorylated by p34cdcYcyclin B in vitro. The functional importance of this site was examined by expressing phosphorylation site mutants of HsEg5 in HeLa cells, Our results indicate that cell cycle-dependent phosphorylation is important for promoting the spindle association of HsEg5. Cdc2 consensus sites corresponding to Thr-927 are also present in other bimC family members (Heck et al., 1993) , suggesting that regulation by ~34~~~' may be evolutionarily conserved.
Results

HsEg5
Function Is Required for Formation of a Bipolar Spindle In Vivo A 3.7 kb cDNA coding for HsEg5 was isolated by phage plaque hybridization, using a cDNA fragment corresponding to the motor domain of XlEgE as a probe (see Experimental Procedures). The complete nucleotide sequence of the HsEgS cDNA is available from EMBL/GenBank. As shown in Figure lA , the HsEg5 protein displays 88% sequence identity to XIEg5 over the N-terminal motor domain and 45% and 41% identity over the C-terminal stalk and tail domains, respectively. These high levels of sequence conservation suggest that the two proteins are functional homologs.
To investigate the function of HsEg5 in vivo, we adopted a microinjection approach, using a highly specific, affinitypurified polyclonal antibody (termed Eg5+) raised against the C-terminal tail domain of HsEg5 (see Experimental Procedures). In total HeLacell extracts, the Eg5+ antibody recognized a single protein (Figure 1 B, lane 2) that comigrated exactly with HsEg5 overexpressed from a recombinant baculovirus in Sf9 insect cells (Figure lB, lane 1) . The Eg5+ antibody also immunoprecipitated HsEg5 from ?S-or 32P-labeled HeLa cell extracts (data not shown; see Figure 4A ). A negative control antibody was prepared by isolating immunoglobulin Gs (IgGs) from the flowthrough of the Eg5+ affinity column. This preparation (termed or control Eg5-(lanes 3 and 4) antibodies (0.5 Kg/ml). The arrowhead marks HsEg5. The migration of prestained molecular mass markers (Sigma) is shown on the right. Eg5-) was depleted of all anti-HsEg5 activity, as assessed by immunoblotting ( Figure 16 , lanes 3 and 4). As a second control, a nonimmune rabbit IgG preparation was also used in some experiments.
The effects of Eg5+ and control antibodies on cell cycle progression were investigated following their microinjection into the cytoplasm of asynchronously growing HeLa cells. Injections were carried out in either a scattered (1 cell per microscopic field) or clustered fashion (most cells in a field) and, 20 hr later, cells were fixed and analyzed by immunofluorescence microscopy. The results of these experiments are summarized in Figures 2 and 3 and in Table 1 . Using the scattered injection assay, over 90% of the control-injected cells were found to proceed through mitosis to the 2-cell stage, with no abnormal phenotypes evident (see Figure 3d ; (Figures 2a-2c , 3a, and 3b; Table 1 ). This mitotic block was stable and persisted for up to 40 hr. Hoechst staining of the DNA in the mitotically arrested cells revealed condensed chromosomes, but no evidence for chromosome alignment in a metaphase plate (Figures 2c, 3a , and 3b), suggesting a prometaphase arrest. As visualized by staining with anti-tubulin antibodies, arrested cells invariably displayed monoastral microtubule arrays (Figures 2b, 3a , and 3b). Staining with an antibody recognizing pericentriolar material (Bailly et al., 1989; Moudjou et al., 1991) revealed that these monoastral arrays had nucleated from centrosomes ( Figure 3b ). Generally, centrosomes had duplicated but remained very close to each other (less than 2 urn apart), never migrating sufficiently far to allow the formation of a bipolar spindle (see Figure 3b) . Moreover, the pericentriolar material often appeared fragmented ( Figure 3~ ). These results demonstrate that HsEg5 is essential at the onset of mitosis for centrosome migration and stability and, consequently, for the formation of a bipolar metaphase spindle.
To assess whether HsEg5 might also have an essential role during later stages of mitosis, particularly when the spindle elongates and centrosomes separate further during anaphase B, we injected Eg5+, Eg5-, and nonimmune IgG into cells that had already set up a mitotic spindle. These were selected among exponentially growing HeLa cells using phase-contrast microscopy to identify cells with clearly visible metaphase chromosomes. By 20 hr after injection, 76%-92% of control-injected cells had proceeded through mitosis to the 2-cell stage ( stage and further document that the mitotic block observed after injection of Eg5+ antibodies into interphase cells is a highly specific event.
Phosphorylation of HsEg5 In Vivo and In Vitro The above results demonstrate an essential role for HsEg5 in the assembly of a bipolar spindle. To obtain information about possible mechanisms of regulation of this motor, we proceeded to determine whether HsEg5 is phosphorylated in vivo. HeLa cells were synchronized in S and M phase (Krek and Nigg, 1991 a) and labeled with [3*P]orthophosphate, and HsEg5 was immunoprecipitated for analysis by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography ( Figure 4A ). lmmunoblotting with anti-HsEg5 antibodies was performed to monitor the recovery of HsEg5 ( Figure 46 ). Similar amounts of protein were recovered from both S and M phase samples, but mitotic HsEg5 displayed a slightly retarded electrophoretic mobility and was phosphorylated to an approximately 2-to 3-fold higher level than S phase HsEg5. Most importantly, phosphoamino acid analyses ( Figure 4C ) revealed that mitotic HsEg5 was phosphorylated on both serine and threonine (lower panel), whereas S phase HsEg5 was exclusively phosphorylated on serine (upper panel). These results indicate that HsEg5 undergoes cell cycle-regulated phosphorylation on at least one threonine residue and that this threonine phosphorylation is strongly increased in M phase.
The most prominent kinase activated during mitosis is p34ctiz/cyclin B (Nurse, 1990) . Wewere therefore intrigued by the evolutionary conservation of a threonine-containing cdc2 consensus motif within the C-terminal tail domain of Eg5/bimC family members ( Figure 5A ). To determine whether this site could serve as a substrate for ~34~"V cyclin 9, the C-terminal tail domain of HsEg5 (residues 764-i 057) was expressed as a MalE (maltose-binding protein E) fusion protein in E. coli, purified on a maltose affinity column, and incubated with recombinant p34cd"2/cyclin B kinase in the presence of [y-32P]ATP. As a control, the MalE protein alone was also tested under the same conditions. As shown in Figure 5B , allel, the MalE-Eg5 tail fusion protein was phosphorylated by the p34cd"2/cyclin 6 protein kinase in vitro. The two phosphoproteins were then subjected to tryptic phosphopeptide mapping ( Figure 5E ). This analysis revealed three major phosphopeptides for in vivo labeled full-length HsEg5 ( Figure 5E , left) and two phosphopeptides for in vitro phosphorylated MalE-Eg5 tail protein (center). As shown by mixture of the two samples ( Figure 5E, right) , the two peptides obtained by in vitro phosphorylation (peptides b and c) comigrated exactly with two of the three peptides obtained from in vivo labeled HsEg5. The observation that the ~34~~' phosphorylation site yielded two phosphopeptides is not unexpected, since the presence of two basic residues (TPQRK) will favor partial proteolysis by trypsin (Boyle et al., 1991) .
Spindle Association of HsEg5 Requires Phosphorylation of Thr-927 within the C-Terminal Tail Domain
To elucidate the functional consequences of HsEg5 phosphorylation by p34"&', we mutated Thr-927 by site-directed mutagenesis. Myc epitope-tagged versions of wild-type and mutated HsEg5 proteins were then transiently expressed in HeLa cells, and their subcellular distribution was analyzed by indirect immunofluorescence microscopy with anti-Myc antibodies. In parallel, cells were stained for tubulin and DNA (Figure 6 ). In interphase cells, Myc-tagged wild-type HsEg5 was diffusely distributed in the cytoplasm ( Figure Sa) . However, the protein became concentrated at centrosomes during prophase (Figure 6b ) and localized to the mitotic spindle during metaphase (Figure 6~) . Some spindle association could also be discerned during anaphase (Figures 6d and se) , particularly in the regions between the poles and the separated chromosomes. Spindle staining became weaker as cells progressed through anaphase B (Figure 6e ) and telophase, concomitant with a concentration of HsEg5 at postmitotic bridges (data not shown). Virtually identical results were obtained when the localization of endogenous HsEg5 was determined using affinity-purified Eg5+ antibodies (Figures 6f-6h ; see also Sawin et al., 1992; Houliston et al., 1994; Sawin and Mitchison, 1995) , indicating that epitopetagged HsEg5 was localized correctly in transfected HeLa cells.
Next, we proceeded to determine the subcellular localization of HsEg5 mutants. In particular, we studied a C-terminally truncated HsEg5 protein, MycEg5(AC897), which lacks the last 161 amino acids including Thr-927, and a mutant, MycEg5(T927A), in which Thr-927 was replaced by a nonphosphorylatable alanine (Figure 7 ). When expressed in HeLa cells, both mutants failed to associate with centrosomes during prophase (data not shown; Figures 7b and 7c) , as well as with mitotic spindles during metaphase (Figures 7a and 7d) . Hence, the absence of a phosphorylatable residue at position 927 produced the same mislocalization of HsEg5 as did deletion of 161 C-terminal residues containing the cdc2 phosphorylation site. Indistinguishable results were obtained when Thr-927 was replaced by an aspartic acid, suggesting that an acidic residue is not sufficient to mimic phosphorylation (data Myc-Eg5(wt) Tubulin DNA HsEa5 Tubulin not shown). Taken together, these findings indicate that phosphorylation of Thr-927 is required for spindle association of HsEg5. To determine whether the deleted C-terminal peptide alone might contain all the structural information required for spindle association, a Myc-tagged version of the HsEg5 C-terminus was introduced into HeLa cells. However, no spindle association could be detected (data not shown), indicating that the C-terminus is necessary but not sufficient for targeting HsEg5 to the spindle.
Discussion
In this study we report two major findings concerning the function and regulation of the human KRP HsEg5. First, we show by antibody microinjection that this plus enddirected motor is required forcentrosome migration during spindle morphogenesis in vivo. Second, we demonstrate that HsEg5 is a likely physiological substrate of ~34"~"". We identify the cdc2 phosphoryation site as Thr-927 and show that cell cycle-dependent phosphorylation of this residue regulates the proper localization of HsEg5 during spindle assembly.
In Vivo Formation of a Bipolar Spindle Requires HsEg5 By structural criteria, vertebrate Eg5 belongs to the bimC subfamily of KRPs (LeGuellec et al., 1991) . Its function has previously been studied in vitro (Sawin et al., 1992) taking advantage of Xenopus egg extracts, which afford the opportunity to study various aspects of spindle assembly and dynamics (Lohka and Mailer, 1985; Murray and Kirschner, 1989; Belmont et al., 1990; Verde et al., 1990; Sawin and Mitchison, 1991; Holloway et al., 1993) . Addition of anti-Eg5 antibodies to Xenopus egg extracts markedly reduced the extent of spindle formation and resulted in thedisruptionof preformedspindles (Sawin etal., 1992) . The data reported here provide direct evidence that HsEg5 is required for the establishment of a bipolar spindle in vivo. Microinjection of Eg5+ antibodies caused up to 80% of the injected cells to arrest with monoastral microtubule arrays, indicating that HsEg5 is required for centrosome separation during spindle morphogenesis.
At present, we cannot provide a detailed explanation of how Eg5+ antibodies interfere with HsEg5 function. However, these antibodies were raised against the C-terminal tail domain of the protein and do not block its motor activity in vitro (A. B., unpublished data). Thus, we suspect that they may interfere with the correct localization of HsEg5. This view is supported by the absence of a visible concentration of the injected antibodies at spindle structures. We cannot exclude the possibility that HsEg5 might also play a role in maintaining the stability or promoting the elongation of the spindle during anaphase 8. However, injection of Eg5+ antibodies into metaphase cells did not inhibit the completion of mitosis, suggesting that HsEg5 may not be required at stages beyond metaphase.
Alternatively, HsEg5 may be functionally redundant at later times, or antibodies injected during midmitosis might not reach the relevant epitopes.
Recently, antibodies directed against the motor domain of cytoplasmic dynein were injected into Ptk cells (Vaisberg et al., 1993) . These antibodies blocked centrosome migration during spindle assembly but not during anaphase B, suggesting that cytoplasmic dynein is required for centrosome separation at early stages of mitosis, but may be functionally redundant with other minus enddirected motors at later stages. The similarity between the results obtained for cytoplasmic dynein and those reported here for HsEg5 is striking. Taken together, these studies provide strong support for the proposal that centrosome separation may depend on the cooperation of both plus end-and minus end-directed motors (Saunders and Hoyt, 1992; O'Connell et al., 1993; Ault and Rieder, 1994; Saunders et al., 1995) .
Phosphorylation
by p34cdc2 Regulates HsEg5 Phosphorylation has long been recognized as a major mechanism for regulating the properties of mechanochemical motor proteins, as illustrated by extensive studies on myosin (Warrick and Spudich, 1987) . Similarly, phosphorylation of axonal kinesin heavy and light chains has been reported (Sato-Yoshitake et al., 1992; Hollenbeck, 1993; Matthieset al., 1993) . Prompted bythesestudies, we asked whether the mitotic function of HsEg5 might be regulated by phosphorylation.
We found that HsEg5 is specifically phosphorylated during mitosis on Thr-927. Furthermore, we showed that the same residue is phosphorylated by p34cdc2/cyclin B in vitro, indicating that P34CdC2 may directly phosphorylate HsEg5 in vivo. However, it is notoriously difficult to prove definitively that a particular kinase acts on a particular substrate in vivo, and it remains possible that other protein kinases (e.g., members of the MAP kinase family) might also phosphorylate Thr-927 (for further discussion see Nigg, 1993) . Interestingly, a cdc2 consensus site corresponding to Thr-927 is conserved in the tail domains of XIEg5, bimC, cut7, and KLP61F (Heck et al., 1993;  Figure 5A ), suggesting that the regulatory mechanism identified here may have arisen early during evolution.
The functional consequences of phosphorylation at Thr-927 were examined by site-directed mutagenesis and transient expression of mutated HsEg5 proteins in HeLa cells. Expression of the Eg5(T927A) mutant did not interfere with mitotic spindle function in a dominant-negative fashion, but the substitution of Thr-927 with alanine abolished the ability of the mutant HsEg5 to bind to the spindle apparatus. Therefore, it is attractive to propose that activation of p34C&' at the G2/M transition may be required to promote the association of HsEg5 with centrosomes during early prophase. In turn, this interaction might constitute the trigger for the onset of centrosome separation. Independently, Sawin and Mitchison (1995) recently reported the results of a mutational analysis performed on XIEg5. These authors also showed that Eg5 associates with microtubules specifically at the onset of M phase. Moreover, they identified Thr-937 (corresponding to Thr-927 in HsEg5) as a critical residue determining proper spindle localization and speculated on a possible regulatory role of phosphorylation.
Our present biochemical results fully support this proposal.
We emphasize that bimC family members are unlikely to be the only spindle-associated motor proteins to be controlled by phosphorylation.
In an in vitro study on chromosome sliding along microtubules, phosphorylation of kinetochore-associated motors has been implicated in determining the direction of chromosome movement (Hyman and Mitchison, 1991) , although the motors and kinases involved in this process could not be identified. One of these motors may be centromere protein E (CENP-E), which was recently proposed to be a physiological substrate of ~34~"~ (Liao et al., 1994) . CENP-E is specifically phosphorylated during mitosis in vivo and by ~34~"' protein kinase in vitro, but the in vivo phosphorylation sites in CENP-E have not been mapped. Interestingly, phosphorylation of the CENP-E tail domain inhibited its binding to microtubules, leading to the suggestion that ~34~"' might suppress the microtubule cross-linking activity of CENP-E until the onset of anaphase (Liao et al., 1994) . On the other hand, recent studies suggest that CENP-E might function as a coupling factor at kinetochores (Lombillo et al., 1995b) , and, in support of this latter view, CENP-E appears to be a minus end-directed motor (Thrower et al., 1995) . Consistent with both models, CENP-E is transiently bound to kinetochores during early mitosis, but moves to interdigitating microtubules during anaphase and is degraded during telophase (Yen et al., 1992; Brown et al., 1994) .
In conclusion, we propose that ~34~~~~ may regulate the activity of multiple mitotic motor proteins in a coordinated fashion. The functional consequences of phosphorylation (or dephosphorylation) of a given motor are expected to depend on its directionality and subcellular localization and on whether phosphorylation regulates motor activity or interactions between the motor and other proteins. In this way, ~34~~"' might contribute to regulation of microtubule-dependent motility not only during spindle assembly, but also during chromosome congression and anaphase onset.
Experimental Procedures
Isolation and Sequencing of a cDNA Encoding HsEg5 A hZap cDNA library from human Daudi cells (Uze et al., 1990) was screened with a J2P-labeled 1100 bp EcoRI-BamHI fragment (lO"cpm/ ml) coding for the motor domain of XIEg5 (LeGuellec et al., 1991) . A total of 3 x lo5 phages were transferred to Hybond-N filters (Amersham) and hybridized at 42°C for 24 hr in hybridization buffer (1 M NaCI, 50 mM Tris IpH 7.51, 0.1% sodium pyrophosphate, 10x Denhardt's solution, 10% dextran sulfate, 1% SDS, and 30% deionized formamide). Filters were washed once at room temperature for 5 min in 2 x SSC and 0.5% SDS and four times at 60°C for 15 min in 6 x SSC and 0.5% SDS. Positive phages were plaque purified, and inserts were subcloned into Bluescript plasmids (Stratagene). Nucleotide sequence determination was performed by the dideoxy chain termination method, using deletion mutants generated by unidirectional digestion with DNase I (Thomas and Surdin- Kerjan, 1990 ).
Cell Culture and Synchronization HeLa cells were cultured as described previously (Krek and Nigg, 1991 b) . In vivo "P-labeled S phase HeLa cells were obtained by treating 75% confluent cultures for 19 hr with aphidicolin (1 uglml), releasing for 1 hr into drug-free medium, washing with phosphate-free medium (MEM with Eagle's salts; GIBCO), and then incubating for 4 hr in the same medium supplemented with 5% dialyzed fetal calf serum, 10% normal phosphate-containing medium, and 0.8 mCi/ml of P2P]orthophosphate (Amersham).
To obtain "P-labeled prometaphasearrested HeLa cells, we incubated 75% confluent cultures with nocodazole (50 nglml) for 14 hr and transferred them for another 4 hr to nocodazolecontaining =P-labeling medium (as above). (AN763) protein to CNBr-activated Sepharose beads, according to the instructions of the manufacturer (Pharmacia). IgGs were eluted from the columns with 100 mM glycine-HCI (pH 2.5) and neutralized with 1 M Tris (pH 6). A negative control antibody (Eg5-) was prepared by passing the flowthrough of the affinity column, depleted of all HsEgS-specific antibodies, over a protein A-Sepharose column (Pharmacia) and eluting with 100 mM glycine-HCI (pH 3.0) according to the instructions of the manufacturer. IgGs were dialyzed extensively against PBS, concentrated using a Centricon 30 unit (Amicon), and frozen in small aliquots at -7OOC.
Metabolically labeled cell extracts were prepared and immunoprecipitations were performed as previously described (Krek and Nigg, 1991 a), using 6 ul/ml of affinity-purified anti-HsEg5 antibodies (9.6 mg/ ml in PBS). For immunoblotting (Krek and Nigg, 1991a) , Eg5+ and Eg5-antibodies were diluted to 500 nglml in PBS, 0.2% Tween 20. Alkaline phosphatase-conjugated secondary antibodies (Promega) were diluted 1:7000 in the same solution.
In Vitro Kinase Assays and Phosphorylation Site Analyses In vitro phosphorylations of MalE fusion proteins were performed by incubating 100 ng of purified proteins in a total volume of 20 ul with recombinant p34Ycyclin B kinase. Incubations were carried out for 30 min to 2 hr at 30°C in cdc2 kinase buffer (50 mM Tris [pH 7.4). 10 mM MgC$, 6 mM EGTA, and 10 uM ATP) in the presence of (y.32P]ATP (0.3 mCi/ml; Amersham).
p34m"z/cyclin B kinase, provided by Drs. K.-H. Nasheuer and E. Fanning (University of Munich), was purified from an extract of insect Sf9 cells infected with recombinant baculoviruses encoding chicken ~34~~ and cyclin B2. Phosphoamino acid analyses and tryptic peptide mapping experiments were carried out as described previously (Peter et al., 1990; Krek and Nigg, 1991a; Boyle et al., 1991) . Thin-layer chromatography plates were exposed for 3 weeks at -70°C using Kodak X-OMAT film and intensifying screens, or for 24 hr on a phosphorimager screen (Molecular Dy namics). jou et al., 1991) . This reagent was provided by Dr. M. Bornens (Gif-surIvette, France). Antibody CTR453 was then visualized using the biotinstreptavidin system as described above, and cells were counterstained either for microtubules as above or for injected IgGs by a 30 min incubation with anti-rabbit DATF (1:500; Pierce). All cells were observed with a Zeiss Axiophot microscope using a 63 x oil immersion objective.
Construction
